We report the difference in activation volumes of wall-motion and nucleation processes in Co͞Pd multilayers. Each activation volume was estimated from field dependence of wall-motion speed and nucleation rate, obtained by real-time domain imaging using a magneto-optical Kerr effect microscope. Delicate analysis shows that the two activation volumes are generally unequal and the ratio between the volumes varies noticeably from 0.9 to 1.1 with change of the multilayered structure. We found that the inequality in the two activation volumes has a crucial influence on magnetization reversal behavior: a process having a smaller activation volume dominates. DOI: 10.1103/PhysRevLett.86.532 PACS numbers: 75.60.Ej, 68.60.Dv, 75.50.Ss, 75.70.-i Magnetization reversal dynamics in ferromagnetic thin films continues to be an important issue in achieving high performance of technological applications as well as in exploring fundamental issues in magnetism [1] [2] [3] [4] [5] . Recently, understanding of magnetization reversal dynamics has progressed greatly, largely motivated by direct observation of domain evolution patterns using magnetic imaging techniques, as well as by experimental observation of contrasting reversal behavior among similar samples of many systems [4] [5] [6] [7] [8] . It is now well known that the magnetization reversal in ferromagnetic thin films occurs via two fundamental processes: wall motion from existing domains and nucleation of new domains at random positions respective to existing domains. The wall-motion process takes place either by a successive switching of activation volumes adjacent to existing domains via thermal activation energy overcoming finite wall-pinning energy when an applied field is smaller than the wall-pinning field of a film or by a viscous wall-motion process when an applied field is higher than the wall-pinning field of a film [4, 8] . On the other hand, the nucleation process occurs by random switching of activation volumes at random places via thermal activation energy overcoming the energy barrier of nucleation. Hence, the activation volume, characterizing the unit volume acting as a single-domain particle as well as limiting the minimum size of domains, is a crucial parameter in both of the reversal processes [9] [10] [11] [12] .
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Much effort has been devoted to characterize the activation volumes of the wall-motion and nucleation processes in a number of systems [4, 7, 8, 13, 14] . For instance, Labrune et al. [13] demonstrated that the two activation volumes were almost identical in rare-earth transition-metal alloys, evidenced by no field dependence of the shape of magnetization viscosity curves. Kirilyuk et al. [8] directly determined the activation volumes of ultrathin Co films from field dependence of each reversal process based on domain evolution patterns generated by pulsed magnetic field; they reported that the activation volumes were nearly the same within measurement accuracy. It was also shown by Raquet et al. [14] that the two activation volumes in Au͞Co films were almost the same, analyzed by their reversal-dynamics model for the sweep-rate dependence of the coercivity. Based on such experimental evidence, most theoretical studies so far have assumed that the activation volumes of the wall-motion and nucleation processes are identical [14] [15] [16] . However, there is no clear physical reason that this should be the case. The present study aims to clarify the correlation between the two activation volumes of ferromagnetic thin films in magnetization reversal behavior. In this Letter we report our first findings regarding the unequal activation volumes of the wall-motion and nucleation processes in magnetization reversal of ferromagnetic Co͞Pd multilayer thin films having perpendicular magnetic anisotropy, and a striking effect of the inequality in the two activation volumes on magnetization reversal behavior.
In this work, the magnetization reversal process was investigated by means of a magneto-optical Kerr effect (MOKE) microscope system, capable of time-resolved domain observation [5] . The system, equipped with an advanced video processing technique and an objective of 0.9 N.A. (numerical aperture) for 31000 magnification, could obtain domain images in real time with 10 frames͞s and a spatial resolution of 400 nm. The dependence of the wall-motion and nucleation processes on the various strengths of an applied field was characterized based on a thermally activated relaxation mechanism [17] .
For the purpose of our study, Co͞Pd multilayer thin films were chosen based on the following rationale. Because of the multilayer structure, one can investigate a variety of the samples having different magnetic and/or structural properties with varying the thickness of ferromagnetic Co layer and the number of repeats; thus, one expects a wide range of the activation volumes. Additionally, it is relatively easy to capture fine domain images by a MOKE microscope since a large polar Kerr effect exists in this material. A number of (t Co -Co͞11-Å Pd͒ n samples with varying either the Co-sublayer thickness t Co or the number of repeats n were prepared on glass substrates by alternatively exposing two e-beam sources of Co and Pd under a base pressure of 2.0 3 10 27 Torr at the ambient temperature [5] . The layer thickness was carefully controlled within a 4% accuracy. Low-angle x-ray diffraction studies using Cu Ka radiation revealed that all samples had distinct peaks indicating an existence of the multilayer structure. High-angle x-ray diffraction studies showed that the samples grew along the [111] cubic orientation. We focused on samples with 2 # t Co # 4 Å and 5 # n # 25, which showed square polar Kerr hysteresis loops with perpendicular magnetic anisotropy. Samples having t Co . 4 Å showed some in-plane anisotropy.
From the time-resolved domain reversal patterns under an applied magnetic field, the wall-motion speed and nucleation rate were quantitatively determined by utilizing a novel analysis method recently developed by the authors [18] . In this method, the wall-motion and the nucleation processes are considered together, where domains expand at all domain boundaries by the wall-motion speed V and, simultaneously, new domains formed by the nucleation rate R per unit time and area during magnetization reversal from the initially saturated state. Then, the changes in reversed domain area a and domain boundary length l in time dt are given by
where r 0 is the characteristic radius of nucleation and s is the total area under examination. The first terms in the equations are ascribed to the wall-motion process, while the second terms come from the domain nucleation process. Inverting Eq. (1), the wall-motion speed V and the nucleation rate R are explicitly given by
where a 0 and l 0 denote the time derivation of the reversed domain area and the domain boundary length, respectively. It should be noted that using Eq. (2) one can simultaneously determine the wall-motion speed and the nucleation rate by measuring the domain area and the domain boundary length with time.
In our study, a sample was first saturated by applying the magnetic field normal to the film plane, and then timeresolved domain images of 128 frames were collected with 10 frames͞s under a reversing applied field. The image, composed of 200 3 160 pixels with the unit size of 164 3 164 nm 2 , was initially obtained in 256 gray levels, and then intensified by background subtraction, noise filtering, and black-and-white image extraction processes. The domain area and domain boundary length of each image at the corresponding time were determined by black-and-white cell-distribution counting and edge determining algorithm, respectively [18] .
We determined the wall-motion speed V and nucleation rate R of the Co͞Pd multilayers from the time-resolved domain patterns during the magnetization reversal under various strengths of an applied field. In Fig. 1 , we plot (a) the wall-motion speed and (b) the nucleation rate of the ͑2-Å Co͞11-Å Pd͒ n samples having the number of repeats n 5, 15, and 25 with respect to the reversing applied field H. Note that the wall-motion speed is very well defined as seen in Fig. 1(a) , while the nucleation rate is rather diffuse, as seen in Fig. 1(b) . This is quite expected because the wall motion is a successive process at every domain boundary, while the nucleation is a random process statistically governed by the switching probability. Figure 1 vividly demonstrates that both reversal parameters depend exponentially on the strength of the reversing applied field. We note that a similar exponential dependency was also observed for the samples having different Co-sublayer thicknesses. The exponential dependency strongly evidences that both reversal processes are governed by thermally activated relaxation for this field range, whereas a viscous wall-motion process has been reported for a higher applied field [8] . Each solid line in Fig. 1 exhibits the best fit of the correlated distribution by fitting functions of
where a and b are the fitting parameters for the wallmotion and nucleation processes as subscribed by W and N, respectively. The fitting parameter a relates closely to the activation energy barrier for each process, preliminarily defining the characteristic switching rate (or attempted frequency) of an activation volume [7, 8, 12] . On the other hand, the fitting parameter b corresponds to the magnetic properties as
where V W and V N are the activation volumes for each process, respectively. We determined the activation volumes of the wallmotion and nucleation processes from the measurements of the fitting parameters of b W and b N , respectively, with using the measured values of the saturation magnetization of each sample as listed in Table I . Figure 2 exhibits the activation volumes of the wall-motion and nucleation processes for (a) the ͑2-Å Co͞11-Å Pd͒ n samples with varying the number of repeats n and (b) the (t Co -Co͞11-Å Pd͒ 10 samples with varying the Co-sublayer thickness t Co . With increasing repeats both activation volumes decrease, as shown in Fig. 2(a) . This may be because the polycrystalline grain is expected to split by the possible accumulation of the lattice misfits, residual stress, and other defects at the number of interfaces during the deposition process in high vacuum. On the other hand, with increasing Co-sublayer thickness both activation volumes increase, as illustrated in Fig. 2(b) . This can be understood by considering that the lateral exchange length in a Co atomic monolayer is expected to be more impeded than that in a few Co atomic layers unless the sample is not fully epitaxial. It is interesting to note that the activation volumes of both the wall-motion and nucleation processes change about ͑0.2 1.1͒ 3 10 217 cm 3 , in the same manner with the change of the multilayered structure, which implies that both processes are influenced in the same manner by the structural and/or magnetic properties.
The most striking feature of Fig. 2 is the fact that the activation volumes of the wall-motion and nucleation processes are noticeably different from each other and that the difference between the activation volumes changes systematically in accordance with the variation of the multilayered structure. Here we want to stress that the difference in the two activation volumes is definitely larger than the experimental error bar as seen in Fig. 2 . To the best of our knowledge, this is the first clear evidence of the difference between the two activation volumes. The nucleation activation volume is larger than the wall-motion activation volume for the sample having a smaller number of repeats, but the difference decreases gradually and reverses finally with increasing the number of repeats as revealed in Fig. 2(a) . In Fig. 2(b) , a similar trend is seen with changing the Co-sublayer thickness: the nucleation activation volume is larger for the sample having t Co # 2.5 Å, but the wall-motion activation volume increases with increasing the Co-sublayer thickness for the samples having t Co $ 3.0 Å. We found that the activation volume ratio V W ͞V N of our samples changed from 0.9 to 1.1 with increasing either the number of repeats or the Co-sublayer thickness.
It is very interesting to correlate the activation volume ratio with the magnetization reversal modes. Our previous investigations showed that the magnetization reversal modes in Co͞Pd multilayers changed from wall-motion dominated to nucleation dominated with either increasing repeats or increasing Co-sublayer thickness [5, 18] . The contrasting reversal modes were characterized quantitatively by the reversal ratio V ͞R: wall-motion dominant reversal for a sample having a ratio larger than 1 mm while a nucleation dominant one for a sample having a ratio smaller than 1 mm 3 . The reversal ratio indicates the difference between the activation energies of the two reversal processes [4, 8] and, also, relates directly with the Fatuzzo's parameter ( V ͞Rr 0 ) which characterizes the magnetization viscosity curve [13, 19] .
In our study, the reversal ratio was revealed to be slightly modified by changing the strength of the applied field, and the field dependence was accordant with the difference between the activation volumes of the wall-motion and nucleation processes. To avoid the error from the different field dependency among the samples, we measured the reversal ratio under a reversing field of the coercivity for each sample determined by MOKE hysteresis loop measurements with the field sweeping rate of 60 Oe͞s. The values of the reversal ratio are summarized in Table I . In Fig. 3 , we plot the reversal ratio V ͞R versus the activation volume ratio V W ͞V N , and one sees a clear correlation between the two ratios, which is evidence that the activation volume ratio relates closely with the magnetization reversal modes [20] . A wall-motion dominant reversal having a larger V ͞R occurs for a sample having V W , V N , while a nucleation dominant reversal of a smaller V ͞R appears for a sample having V W . V N . Thus, it can be stated that the difference between the activation volumes of the wallmotion and nucleation processes has a crucial effect on the magnetization reversal mode; the reversal mode is determined by the counterbalance between the switching rates of the wall-motion and nucleation processes having each activation volume, where a smaller activation volume results in easier reversal than a larger one since the activation energy is proportional to the activation volume [9, 10] .
In conclusion, we first demonstrate the difference in the activation volumes of the wall-motion and nucleation processes in Co͞Pd multilayers and the ratio between the volumes varies noticeably from 0.9 to 1.1 with changing the multilayered structure. Strikingly, it is found that the magnetization reversal behavior is directly influenced by the difference between the two activation volumes, irrespective of the magnitude of the individual activation volume.
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